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L1 ANSWER 5 OF 5 MEDLINE 

AB From our long experience with primary cultures of ***human*** 
^differentiated*** ***cells*** , we have been able to come to 
the following conclusions. The culture media routinely employed hav- 
been developed using established cell lines but not primary cells as 
the growth marker. Therefore the culture media for primary cultures 
should be modified from those routinely employed. In addition the 
concentrated supplementation of serum to basal media dose not 
contribute to the growth of primary differentiated cells, and in 
fact on the contrary, is advantageous for the growth of non-target 
fibroblasts which would hamper the growth of the target cells. A 
hypoxic culture environment is more favorable for primary cultures 
especially when smaller cell numbers are used as the inoculum. The 
primary culture cells are more fragile in comparison with 
established cell lines. Therefore, the low-temperature cell 
diopersion procedure is recommended with the use of diluted 
crystalline trypsin saline. On the basis of the above findings, we 
have successfully carried out primary and transfer cultures of human 
esophageal and gall bladder epithelial cells, skin keratinocytes and 
endothelial cells. Their epithelial mature was proved by the 
presence of keratin in their cytoplasm, and the phenotype of 
endothelial cells was evident from the presence of Factor 
Vlll-related antigen in their cytoplasm. Culture of endothelial 
cells requires the supplementation of a specific growth factor which 
we have utilized and isolated from conditioned medium of human 
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Summary 

&pn J Cancer Chemother 14(1) : 211-219, 

January, 1987.] 

Primary Cultures of Various Differenti- 
ated Human Cells and Their Transfer 

Isao Yamane 

Tchoku University 

From our long experience with primary cultures 
of human differentiated cells, we have been able to 
come to the following conclusions. (1) The culture 
media routinely employed have been developed using 
established ceil lines but not primary cells as the 
growth marker. Therefore the culture media for prima- 
ry cultures should be modified from those routinely 
employed. In addition the concentrated supplementa- 
tion of serum to basal media dose not contribute to 
the growth of primary differentiated cells, and in 
fact on the contrary, is advan lageous for the growth 
of non-target fibroblasts which would hamper the 
growth of the target cells. (2) A hypoxic culture en. 
*ironment i 3 more favorable for primary cultures espe 
dally when smaller cell numbers are used as the inoc- 
ulum. The primary culture cells are more fragile in 
comparison with established ceil lines. Therefore, 
the low-temperature cell diopcraiou procedure ts rec- 
ommended with the us« of diluted crystalline trypsin 
saline. 

On the basis of the above findings, we have axe- 
cessfully carried out primary ^d trWer cultures of 
human esophageal and gall bladder epithelial cells 
akin kerarinocytes and endothelial cell*. Their epi- 
thelial mature was proved by the presence of keratin 
in their cytoplasm, and eh* phenotype of endothelial 
cells was evident from the present of Factor Yffl-rc- 
lated antigen in their cytoplasm. Culture of endothe- 
lial cells requires the supplementation of tt specific 
growth factor which we have utilized and ioolaccd 
from conditioned medium of human diploid fibroblas- 
ts. Tiny amounts of the factor were ahown to, induce 
the vascularization of rabbit eye cornea 
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BIOTECHNOLOGY: 

Claim of Human-Cow Embryo Greeted 
With Skepticism 

Eliot Marshall- 


A small, privately held company in Worcester, 
Massachusetts— Advanced Cell Technology Inc.— startled the scientific world last week by announcing that it 
had fused human DNA with a cow's egg to create a new type of human cell. Company leaders say that a colony 
of these fused cells—created in 1996, kept alive for 2 weeks, and discarded— looked like a cluster of human 
embryo cells. On this basis, the company declared that it had "successfully developed a method for producing 
primitive human embryonic stem cells." 

The claim, announced in a front-page news story in The New York Times on 12 November, came just 6 days 
after two groups of researchers reported in Science and the Proceedings of the National Academy of Sciences 
that they had used traditional techniques to culture human embryonic stem cells— "undifferentiated" cells that 
have the potential to grow into any cell type {Science, 6 November, pp. 1014 and 1145) . It added to the 
concerns already raised among ethicists and government officials. On 14 November, President Clinton sent a 
letter to Harold Shapiro, chair of the National Bioethics Advisory Commission (NBAC), saying he is "deeply 
troubled" by news of the "mingling of human and nonhuman species." The president asked NBAC to give him 
"as soon as possible ... a thorough review" of the medical and ethical considerations of attempts to develop 
human stem cells. And a Senate committee may review the company's claim at a hearing on stem cell 
technology planned for 1 December. 

Scientists, however, were startled for another reason: They were amazed that Advanced Cell Technology 
(ACT) broadcast its claim so widely with so little evidence to support it. Some were puzzled that the company 
had tried to fuse human DNA and cow eggs without first publishing data on the fusion of DNA and eggs of 
experimental animals. Many doubted that ACT's scientists had created viable human embryonic stem cells. And 
most were left wondering why the company chose to go public now with this old experiment. 

The company had inserted DNA from adult human cells into cow's eggs using a nuclear transfer technique 
similar to the one used to clone Dolly, the first mammal cloned from an adult cell. ACT's top researcher and 
co-founder-developmental biologist James Robl of the University of Massachusetts, Amherst -says an early 
version of the experiment was performed in his UMass lab "around 1990." A student carrying out nuclear DNA 
transfer in rabbits had run out of donor cells, Robl recalls, and, almost as a lark, took cheek cells from a 
technician and transferred their DNA into rabbit oocytes. "I didn't even know about it," Robl says. To 
everyone's surprise, the cells began to divide and look like embryos. "I got very nervous" on learning about it, 
Robl says, and shut down the experiment. 

Robl and his former postdoc Jose Cibelli, now a staffer at ACT, returned to this line of experimentation in 1995 
to '96, when they were working with cow embryos on other projects. They remembered that the human 
DNA-animal oocyte combination worked before, and "we thought, 'Maybe we can get a cell line' " this way. 
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c/Cibelfr transferred nuclear DNA of his own cheek cells and 18 lyn^Bcyte cells into cow oocytes from 

which the nuclei had been removed. Six colonies grew through four divisions, according to Cibelli, but only 
one cheek cell colony grew beyond that stage-reaching 16 to 400 cells. Robl says they didn't follow up on the 
work because "we had about 15 other things we were doing," and developing human stem cells was not at the 
top of the list. But the university did file for a patent on the technique, granting an exclusive license to ACT. 

Robl concedes that the experiment did not yield publishable data. He says he classified the cells as human stem 
cells based on his experience of n look[ing] at hundreds and hundreds" of cell colonies. But Robl offered no 
other data to support this conclusion. 

Other researchers agree that the cells may have had human qualities, because they continued to divide after the 
cow ! s nuclear DNA had been replaced with human DNA. But Robl and Cibelli didn't do any of the tests 
normally done to show that these cells were human or that they were stem cells, such as looking for expression 
of human proteins or growth of specialized tissues. James Thomson of the University of Wisconsin, Madison, 
lead author of the Science paper, says that ACT's cells "meet none of the criteria" for embryonic stem cells. 
And Gary Anderson of the University of California, Davis, who has isolated a line of embryonic pig cells, 
comments: "Just because someone says they're embryonic stem cells doesn't mean they are." 

A few researchers-including Robert Wall, a geneticist at the U.S. Department of Agriculture in Beltsville, 
Maryland-were willing to suspend their disbelief, however, if only because they respect Robl. He is "a 
top-notch, very solid scientist," says Wall, who adds that anyone who has examined a large number of 
embryonic cells can distinguish real ones from impostors. 

But others are less charitable. "This may be another Dr. Seed episode," says Brigid Hogan, an embryologist at 
Vanderbilt University in Nashville, Tennessee, referring to Chicago physicist Richard Seed, who caused a furor 
early this year when he announced that he planned to clone humans. Although Seed didn't have the means to 
carry out his project, Congress quickly drafted a criminal ban on many types of cloning research. Congress set 
that debate aside last spring but indicated it might take it up again later {Science, 16 January, p. 311 and 20 
February, p. 1123) . Hogan, a member of a 1994 National Institutes of Health (NIH) panel that proposed 
guidelines for human embryo research, agrees that "it's theoretically possible" to do what ACT claims to have 
done. But the company's announcement reminds her of the Seed case because "it smells to me of 
sensationalism" and seems "likely to inflame an uninformed debate." 

Why did ACT publicize this experiment now? Some observers think the company wanted to ride the PR 
bandwagon created by the 6 November announcements by the labs that had isolated human embryonic stem 
cells using more traditional culture techniques. One group, led by developmental geneticist John Gearhart at 
The Johns Hopkins University, extracted primordial germ line cells from fetal tissue and kept them growing 
through 20 passages (transfers from one plate to another) for more than 9 months. The other group, led by 
Thomson at the University of Wisconsin, established a culture of stem cells derived from early human embryos. 
Thomson, whose cell line has survived 32 passages over 8 months, published molecular data suggesting that 
the cells may continue dividing "indefinitely." 

Michael West, president and chief executive officer of ACT since October, says it is "pure coincidence" that 
ACT's news came out within a week of these announcements. West-noting that ACT won't benefit 
immediately, for it doesn't sell public stock-says that after becoming ACT's CEO last month, "I learned about 
the work that had been done in 1996 ... and I wanted to develop this technology." But he says he "didn't feel 
comfortable" moving ahead with nuclear DNA transfer experiments without getting a reading on how future 
U.S. laws and regulations might affect the field. "So I decided, 'Let's talk about the preliminary results,' " says 
West. "Let's get NBAC to help clear the air." 

West notes that some information on ACT's mixing of human and cow cells was already public. In February, 
the World Intellectual Property Organization in Geneva had published Robl's application for a patent on 
"Embryonic or Stem-like Cell Lines Produced by Cross Species Nuclear Transplantation" (WO 98/07841). It 
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1996 and stakes broad claims 



cell technology based on 


transferring human or animal DNA into an animal oocyte. After being approached by the staff of CBS's news 
show 48 Hours, West says, he arranged to discuss the research in exclusive but simultaneous releases to The 
New York Times and CBS. The CBS report aired on 12 November. 

Robl confirms it was West, and not the scientific staff at ACT, who initiated the announcements. "I wouldn't 
have had the guts to do it," Robl says, although he agrees it is important to debate ethical concerns that might 
impede the technology. 

These ethical concerns may get an airing next month. Senator Arlen Specter (R-PA), chair of the 
appropriations subcommittee that approves the budget for NIH, is planning a hearing on 1 December. There, 
Nffl director Harold Varmus and developers of new human cell technologies are expected to testify about 
federal restrictions on the use of embryonic and fetal tissue and their impact on biomedical research. That 
discussion may now be expanded to include questions about ACT's single experiment. 


With reporting by Elizabeth Pennisi. 
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Dolly And Other Cloned Sheep Contain 
Mitochondrial DNA Exclusively From 
Recipient Oocytes 


WESTPORT, Sep 01 (Reuters Health) - Sheep cloned from adult 
somatic cells contain mitochondrial DNA (mtDNA) that derives 
exclusively from enucleated recipient oocytes used in the nuclear 
transfer process, according to a report in the September issue of 
Nature Genetics. 

Dr. Eric Schon from Columbia University College of Physicians and 
Surgeons in New York and colleagues there and at the Roslin 
Institute in Edinburgh, Scotland, explain that during mammalian 
cloning, donor somatic cells are fused with recipient enucleated 
oocytes by a process called electroporation. During electroporation, 
both nuclear DNA and mtDNA are transferred from donor to 
recipient. Consequently, the resulting cloned animal would be 
expected to contain both donor and recipient mtDNA. 

Dr. Schon's team analyzed the highly variable D-loop region of 
mtDNA from donor somatic cells, recipient oocytes, and cloned 
sheep using polymerase chain reaction (PCR) and restriction 
fragment length polymorphism (RFLP) analysis. 

"On RFLP analysis, all somatic donor cell and representative 
oocyte-recipient [representative Scottish Blackface sheep oocyte] 
samples displayed the predicted patterns," the results indicate. 

RFLP analysis of the same mtDNA region from ten cloned sheep 
"...showed that all ten were homoplasmic for the mitochondrial 
genotype of the [Scottish Blackface sheep] recipient oocyte in all 
tissues examined, with no evidence for the presence of donor 
mitochondria-derived mtDNA," the investigators report. "This 
indicates that the mtDNA genotypes of the nuclear transfer-derived 
sheep do not match those of their nuclear donors." 

"The finding of mtDNA homoplasmy in all ten nuclear 
transfer-derived sheep was unexpected," the authors write. "The 
mtDNA composition of each fetal sheep derived by nuclear transfer 


RECOMMENDED LINKS 


SPECIALTY NEWS 

Molecular Medicine 



Dolly And Other Cloned Sheep Contain Mit..^ 


, Exclusively From Recipient Ooc^//moleculame^^.medsc^ 


should reflect that of the original electrofiised donor/recipient cell... in 
which case we should have observed 2-5% of donor-derived 
heteroplasmic mtDNA in the samples." 

Several explanations may account for these findings. The authors 
"...favor a scenario in which an active mechanism operates to destroy 
the donor mitochondria in the recipient ooplasm, similar to what is 
thought to happen to sperm-derived mitochondria in fertilized ova 
in... normal human reproduction." 

The results suggest possible treatment strategies for such human 
mitochondrial diseases as mitochondrial encephalomyopathy with 
lactic acidosis and stroke-like episodes, and maternally inherited 
Leigh syndrome, the investigators write. 

Such disorders might be corrected, for example, by "...nuclear 
transfer involving a somatic or germline cell from a woman harboring 
a pathogenic mtDNA mutation (but normal nuclear DNA) and a 
recipient enucleated oocyte (containing normal cytoplasm). If the 
experience with cloned sheep is any guide," the authors conclude, 
"we would predict that the human mitochondrial genotype will be 
determined by the recipient ooplasm." 

Nature Genetics 1999;23:90-93. 
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Growth factors and apoptosis 

M. Granerus and W. Engstrom 

Department of Pathology, Faculty of Veterinary Medicine. Swedish University of Agricultural Sciences. 

Uppsala, Sweden 

(Invited presentation at ESGCP September meeting in Uppsala) 

Abstract. Apoptosis is nowadays recognized as an important mechanism by which 
cells can be eliminated from the organism. In particular its role in tissue modelling 
during embryogenesis has been highlighted. The human teratoma cell line Tera 2, 
which in several respects acts as a human embryonic stem cell, can be induced to 
undergo apoptosis by reducing the serum content of the tissue culture medium. We 
report here that this process can be reversed by replacing serum with the hepann- 
binding growth factors, acidic FGF and basic FGF. In contrast, neither of the 
mammalian transforming growth factors (TGF-/J1-3) managed to exert any effect on 
growth or apoptosis in Tera 2 cells. 


More than 20 years ago, Sir Alistair Currie and his co-workers proposed the existence of two 
different types of cell death (Kerr et al. 1972). Firstly, necrosis is caused by physical damage 
to groups of cells (e.g. by hypoxia or chemical toxins) and provokes an inflammatory 
response. Secondly, apoptosis occurs in individual cells, often surrounded by unaffected 
neighbours. Apoptosis is characterized by a striking series of morphological transformations 
which eventually disassembles into apoptotic bodies which are membrane-enclosed vesicles. 
Apoptosis is an active process requiring ATP as well as a functional machinery for de novo 
protein synthesis. Moreover, it does not provoke an inflammatory response. Rather, the 
apoptotic bodies .are engulfed by local macrophages. It was therefore concluded that 
apoptosis represented a new form of cell death. 

We have recently drawn attention to the human embryonal carcinoma cell line Tera 2 as 
a useful model system for studies of apoptosis (Granerus et al 1994). Tera 2 cells can be 
readily induced to differentiate in vitro by exposure to retinoic acid (Thompson et al 1984). 
As a xenograft, it gives rise to tumours containing cells originating from different germ 
layers It has therefore been proposed that Tera 2 cells are the best available substitute for 
a true human embryonic stem cell (Schofield & Engstrom 1992). Tera 2 cells were recently 
shown to undergo morphologically confirmed apoptosis after serum withdrawal (Granerus et 
al 1994 Granerus et al 1995a, b). Moreover, the phenomenon was confirmed by the appear- 
ance of'nucleosome ladders (Granerus et al. 1995a, b). The purpose of the current study was 
to examine the effects of heparin-binding growth factors and transforming growth factors on 
proliferation and apoptosis in Tera 2 cells. 

Correspondence: Professor W. Engstrom, Department of Pathology, Faculty of Veterinary Medicine, 
Swedish University of Agricultural Sciences, S-75007 Uppsala, Sweden. 
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Cell culture 

The human teratoma derived cell line was established and maintained as described in 
Thompson et ai (1984). Serum-free culture experiments were conducted as described in 
Engstrom et ai (1985), Engstrom (1986), Biddle et ai (1988). 

Growth factors and tissue culture materials 

The growth factors acidic FGF (aFGF), basic FGF (bFGF) and the transforming growth 
factors beta 1-3 (TGF /Jl-3) were purchased from British Biotechnology, Oxford, UK. 
Transferrin was acquired from Boehringer Mannheim (Sweden) and preloaded with iron 
according to the manufacturers instructions. a-MEM, trypsin and tissue culture plastic were 
obtained from KEBO, Sweden. 

Assessment of cell proliferation and apoptosis 

The proliferation of Tera 2 cells over a 24-h or 5-day period was monitored by counting cell 
numbers and pulse labelling with tritiated thymidine followed by autoradiography, as 
described by Biddle et ai (1988). The assessment of intact v. apoptotic cells was performed 
by acridine orange staining and fluorescence microscopy as described by Granerus et aL 
(1994). That nuclear fragmentation corresponded to nucleosome laddering was confirmed 
according to Granerus et aL (1994). 

RESULTS 

Figure 1 shows the effect of growth factor addition on Tera 2 cells over a 24-h period. It was 
found that 10 ng of acidic or basic FGF per ml of medium exerted an observable effect on 
cell numbers. In contrast, neither 10 ng TGF-/H, TGF-02 or TGF-03 per ml of medium 
exerted any effect on Tera 2 cell numbers over a 24-h period. Moreover, even when we 
added the three TGF-/Js in concentrations ranging from 0.1 to lOOng/ml alone or in 
combination, in no case <did we achieve any effects on Tera 2 cell numbers (data not 

shown). , 
Table 1 shows the proportion of Tera 2 cells traversing S phase. Cell cultures were exposed 
to serum-free medium with or without supplementation of 10 ng bFGF, aFGF, TGF-01, 
TGF-02 or TGF-03 per ml. The proportion of cells undergoing DNA replication at a given 
moment was assayed by pulse-labelling with tritiated thymidine 24 or 48 h after medium 
change and subsequent autoradiography. The results clearly indicate that the percentage of 
[ 3 H]-thymidine labelled cells was virtually unchanged when Tera 2 cells were deprived of 
serum. The addition of heparin-binding growth factors or transforming growth factors did not, 
significantly alter the proportion of S phase cells. * ^1 

Figure 2 shows the growth of Tera 2 cells over a 5-day period under different conditions. ^ 
Whereas cells growing in 10% serum undergo exponential growth, cell cultures in a serum- ^ 
free medium are maintained at a steady-state level. When 10 ng/ml of aFGF or bFGF was * 
added to serum-free medium, multiplication of Tera 2 cells was supported over a 5-day J 
period. In contrast, when 10 ng of TGF-01, 2 or 3 was added, no effect on cell numbers could | 
be observed. Nor was any effect on cell proliferation observed when higher or lower concen- 4 
trations (0.01-100 ng/ml) of the three transforming growth factors— alone or in combina- 
tion — was added (data not shown). 

Figure 3 shows the effect of growth-factor supplementation to a serum-free medium on 
survival in Tera 2 cells. This was measured by staining Tera 2 cells with acridine orange and 
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Figure 1. Effect of growth factors on the proliferation of Tera 2 cells in serum-free medium. Cells were 
seeded onto 35-mm dishes in 10% serum. After 24 h serum was removed and the cultures exposed to 
serum-free medium containing transferrin and (a) 10 ng aFGF/ml, (b) 10 ng bFGF/ml, (c) 10 ng 
TGF-01/ml, (d) 10 ng TGF-02/ml or (e) 10 ng TGF-£3/ml, (f) 10% serum, and (g) serum-free medium. 
After 24 h the cells were trypsinized off the dishes and counted in a Coulter counter. The experiment 
was repeated and the cells counted in triplicate. 

judging the proportion of intact u fragmented nuclei with a fluorescent microscope. It was 
found that serum withdrawal reduced the number of intact nuclei from 90 to 35% over the 
first 24 h. Between the 2nd and 5th days the proportion of intact nuclei stabilized at approxi- 
mately 40%. It was found that addition of 10 ng/ml of aFGF or bFGF resulted in a 
substantially higher proportion of intact nuclei over the entire 5-day period. In contrast, 
supplementation with 10 ng TGF-01, 2 or 3 did not in any way alter the numbers of intact 

Table 1. Tera 2 cells growing on glass coverslips were exposed to media as specified for 24 or 48 h. 
During the last hour prior to fixation, the cultures were exposed to 370 kBq tritiated thymidine per ml 
medium. After fixation the slides were washed in cold trichloroacetic acid and subjected to 
autoradiography. After development, the slides were counted under a light microscope. The figures 
represent a duplicate experiment where at least 500 cells per experimental situation were counted 


% Labelled cells 


Medium 


Labelling 
23-24 h 


Interval 
47-48 h 


10% serum 

Serum-free medium (SFM) 
SFM + lOng aFGF/ml 
SFM + lOng bFGF/ml 
SFM + 10 ng TGF-01/ml 
SFM + 10 ng TGF-02/ml 
SFM + 10 ng TGF-03/ml 


35.1 
36.6 
32.7 
35.0 
33.8 
33.8 
35.1 


35.7 
31.5 
31.0 
34.1 
34.8 
37.9 
30.6 
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Figure 2. The effect of growth factors on the proliferation of Tera 2 cells. Cells were seeded onto 
35-mm dishes in 10% serum. After 24 h (day 0) the serum-containing medium was removed and the 
cells exposed to serum-free medium containing transferrin only ■. 10% serum 10 ng aFGF/ml 
10 ng bFGF/ml 10 ng TGF-/?l/ml o, 10 ng TGF-/?2/ml □, or lOng TGF-/?3/ml A. Dishes were trypsi- 
nized and counted in triplicate daily throughout a 5-day assay period. The figure represents the means 
of three different experiments. 

nuclei in serum-free cultures. Nor did we observe any effect of any other TGF-/? concentra- 
tion (data not shown). When TGF-/?1, 2 or 3 was added together with 10 ng/ml of aFGF or 
bFGF, there was no enhancing or suppressing effect on cell numbers or the proportion of 
cells with intact nuclei. Neither of the TGF-/& altered the growth characteristics of Tera 2 
cells growing in 10% serum (data not shown). 

DISCUSSION 

Apoptosis is the highly conserved mechanism by which ceils are capable of committing 
suicide. Several independent lines of reasoning have fostered the argument for a link 
between the traditional eukaryote cell cycle and apoptosis (Evan et aL 1995). We know, for 
instance, that developing tissues exhibit an appreciable degree of apoptosis and that tumours 
that have lost control of their proliferation have often undergone anti-apoptotic mutations. 
One of the interesting links between life and death on a cellular level are the polypeptide 
growth factors. It has been convincingly shown that, in certain cell lines that are unable to 
enter G 0 , after exposure to suboptimal growth conditions only one option is possible, to cycle 
or to die (Evan et aL 1992, Harrington et aL 1994, Granerus et aL 1994, 1995a, b). The 
decision to continue to cycle, i.e. to avoid apoptosis, is believed to depend on the presence 
of growth factors such as platelet-derived growth factor (PDGF) (Harrington et aL 1994), 
leukemia inhibitory factor (Granerus et aL 1994) or the insulin-like growth factors, IGF I or 
IGF II (Harrington et aL 1994, Granerus et aL 1995a, b). 

This study has shown that the heparin-binding growth factors, acidic FGF (aFGF) and 
basic FGF (bFGF), play a similar role in counteracting apoptosis in a human teratoma cell 

©1996 Blackwell Science Ltd, Cell Proliferation, 29, 309-314. 
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Figure 3. Effect of growth factors on apoptosis in Tera 2 cells in serum-free medium. Cells were seeded 
onto gelatin-treated glass coverslips in. Petri dishes in 10% serum. After 24 h the serum containing 
medium was removed and the cells exposed to serum-free medium containing transferrin only a. 10% 
serum •, 10 ng aFGF/ml 10 ng bFGF/ml A. 10 ng TGF-jJl/ml o, 10 ng TGF-/?2/ml or 10 ng 
TGF-/?3/ml A. Glass slides were removed daily and stained with acridine orange and examined by 
fluorescence microscopy (435 nm). The percentage intact nuclei was recorded by counting at least 200 
cells per glass slide. The figure represents the means of three different experiments. 

line (Tera 2) which is characterized by its dependence on serum for survival. The heparin- 
binding growth factors are of particular interest since both aFGF and bFGF have been 
shown to exert different biological effects in the Tera 2 cell line. When low concentrations of 
bFGF are added, Tera 2 cells are stimulated to proliferate. When higher concentrations are 
added, the cells cease to proliferate and increase their locomotion activities (Schofield et ai 
1992, Granerus et ai 1993). This study has demonstrated that, by using a combination of 
morphological examination of single cells, autoradiography and determination of cell 
numbers, the effect on Tera 2 cell proliferation is executed by decreasing the proportion of 
cells that undergo apoptosis. This finding is in line with previous results demonstrating a 
distinct anti-apoptotic effect by the insulin-like growth factors IGF I and IGF II (Granerus 
et ai 1995a, b). 
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Nuclear Transplantation by Microinjection of Inner 
Cell Mass and Granulosa Cell Nuclei 

PHILIPPE COLLAS and FRANK L. BARNES 

Genmark, Inc., Salt Lake City, Utah 


ABSTRACT The developmental potential of bo- 
vine inner cell mass (ICM) and somatic differentiated (gran- 
ulosa cell) nuclei was investigated using nuclear transplan- 
tation. ICM blastomeres were isolated after immuno- 
surgery of day 7 in vitro produced blastocysts and cumulus 
granulosa cells recovered from in vitro matured oocytes. 
Nuclear transplantation was carried out by microinjection 
of the lysed donor cells into enucleated mature oocytes. 
Oocytes were activated by three 0.2 kVcm _1 /20 pis pulses 
in mannitol containing 100 jjlM Ca 2+ , with each puise 22 
min apart. Embryos were cultured in vitro for 7 days and 
blastocysts were transferred into recipients. ICM and gran- 
ulosa cell donor nuclei directed 7% (20/304) and 9% (19/ 
213) development to blastocysts, respectively. Fifteen 
blastocysts from ICM donors resulted in four pregnancies 
(27%) and two births. No pregnancy was detected with 
granulosa cell donors. The results illustrate the totipotency 
of ICM nuclei and indicate that granulosa eel! nuclei pro- 
mote preimplantation development of nuclear transplant 

embryos. © 1994 Wiley-Uss, Inc. 

Key Words: Inner cell mass, Granulosa cell, Nuclear 
transfer, Embryo, Bovine 


INTRODUCTION 

Amphibian embryonic nuclei microinjected into 
oocytes direct development to normal adults, whereas 
nuclei from many differentiated tissues do not. Larvae 
(Briggs and King, 1952) and fertile adults (Gurdon, 
1962) were produced from transplanted embryonic and 
larval nuclei. However, with differentiated donor nu- 
clei, development proceeds to tadpole stages, but not to 
adults (Gurdon et aL, 1975; DiBerardino et al., 1986). 
Similar development was obtained with germ cell nu- 
clei from larval and adult frogs (DiBerardino and 
Hoffner, 1971). These results indicate that embryonic 
and larval nuclei promote development to fertile frogs. 
However, the developmental potential becomes more 
restricted with differentiated nuclei, and many nuclei 
from adult tissues direct development only part way 
(DiBerardino, 1987). 

Nuclear transplantations in mammals have also 
been informative about changes in embryonic nuclei 
during development. Cleavage- and morula-stage do- 
nor nuclei direct development to term (Robl et al., 


1992), and inner cell mass (ICM) nuclei promote devel- 
opment to blastocysts (Modlinski, 1981; Tsunoda et al., 
1989; Collas and Robl, 1991; Kono et al., 1991) and to 
term (Illmensee and Hoppe, 1981; Smith and Wilmut, 
1989). Trophectoderm (TE) nuclei, however, lead to 
abortive preimplantation development (Illmensee and 
Hoppe, 1981; Modlinski, 1981; Collas and Robl, 1991). 
Furthermore, mouse donor primordial germ cells lead 
to implantation sites but no development to term 
(Tsunoda et al., 1989). These studies suggest that as 
development proceeds, the developmental potential of 
nuclei becomes restricted. 

No reported studies have investigated the develop- 
mental potential of bovine ICM and differentiated nu- 
clei. Mouse thymocyte nuclei direct limited develop- 
ment to blastocysts but not to term (Kono et aL, 1991), 
and rabbit granulosa cell donor nuclei allow develop- 
ment to blastocysts (Collas and Robl, unpublished). We 
report here the development to term and to blastocysts 
of nuclear transplant bovine embryos from ICM and 
granulosa cell donor nuclei, respectively. 

MATERIALS AND METHODS 
Oocyte Maturation and Selection 

Bovine oocytes from 1-10 mm follicles were matured 
in vitro for 22 hr at 39°C in a humidified atmosphere of 
5% C0 2 in air (Powell and Barnes, 1992). Maturation 
medium was TCM 199 (Gibco, Grand Island, NY) with 
10% fetal calf serum (FCS), 0.01 U/ml follicle stimulat- 
ing hormone (FSH) (Nobl, Sioux Center, IA), 0.01 U/ml 
luteinizing hormone (LH) (Nobl), and 1% penicillin G 
(10 mg/ml)-streptomycin (25 |xg/ml) solution (PS). After 
maturation, the cumulus was removed by vortexing 
and oocytes were selected for the presence of the first 
polar body and cultured in Modified Brinsters Ovum 
Culture Medium (MBMOC; Moore and Bondioli, 1991) 
until use. 
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TABLE 1. Efficiency of Nuclear Transplantation by Cell Microinjection 






No. embryos 




No. oocytes 
(% injected) 


(% cultured) 



(% transferred) 






Ext. 


Cell type 

Inj. a Cult. a 

2-CelI 

8-Cell Morula 

Blast. 

ET* Recip. a 

cycles 6 Preg. a 

Calves 

ICM 

Granulosa 

903 304 (33) 
351 213 (61) 

152 (50) 
131 (62) 

77(25) 33(11) 
79 (37) 29 (14) 

20 (7) 
19(9) 

15 (5) 15 
19 (9) 13 

? 4 (27) 
7 0(0) 

2 

0(0) 


a Inj., injected; Cult., cultured; ET, no. of embryos transferred; Recip., no. of recipients. 

b Ext. cycles, no. of recipients with extended estrous cycle (>30 days) that were detected nonpregnant at day 45 post transfer. 


Oocyte Enucleation 

Mature oocytes were incubated in the DNA-specific 
stain, Hoechst 33342, for 15 min at 39°C and placed in 
50 |xl drops of Tyrode's solution (TL Hepes), containing 
5 M-g/ml cytochalasin B, under oil. Manipulation was 
carried out at 200 x under phase contrast. Metaphase 
chromosomes were aspirated and enucleation was as- 
sessed by exposing oocytes under UV light for 1 sec. 
Enucleated oocytes were cultured until blastomere in- 
jection. 

Isolation of ICM Blastomeres 

Inner cell masses were obtained by immunosurgery 
of zona-free blastocysts. The zona pellucida of day 7 in 
vitro fertilized embryos was digested for 3 min at 39°C 
with 0.1% pronase E (Sigma) in phosphate buffered 
saline (PBS) containing 3 mg/ml bovine serum albumin 
(BSA). Embryos were washed in PBS containing 20% 
FCS, and gentle pipetting completed removal of the 
zona pellucida. Zona-free blastocysts were incubated in 
MBMOC containing rabbit anti bovine serum (Sigma 
B-8270; 5:1, vol:vol) for 30 min at 39°C. Embryos were 
washed twice in PBS and incubated for 10 min at 39°C 
in 5:1 MBMOC to guinea pig complement (Sigma 
S-1639). The complement initiated lysis of trophecto- 
derm cells with bound antibodies. The ICM was pipet- 
ted in PBS to help remove the lysed trophectoderm. To 
isolate blastomeres, the ICM was incubated for <2 min 
in 0.1% pronase E and pipetted with a 40 u.m fire- 
polished bore pipette. 

ICM Blastomere Injection 

At 27 hpm, ICM blastomeres were placed in a 50 u.1 
drop of TL Hepes under oil. Enucleated oocytes were 
placed in an adjacent drop of TL Hepes containing 5% 
sucrose (wt/vol). Oocytes remained in sucrose for «1 hr 
for the injection procedure. The injection pipette had a 
sharp, beveled 8 jxm tip. Blastomeres were lysed by 
rupturing the plasma membrane with the injection pi- 
pette and the lysate was aspirated in the pipette. It was 
important to keep the lysate as concentrated as possible 
in the pipette to limit the volume injected into the 
oocyte cytoplasm. After injection, oocytes were rehy- 
drated in TL Hepes containing 2.5% sucrose for 5 min, 
then in the absence of sucrose for an additional 5 min 


prior to culture until activation. Sixteen replicates 
were performed. 

Granulosa Cell Isolation and Injection 

Cumulus granulosa cells were used because they 
have been shown to direct development of nuclear 
transplant (NT) rabbit embryos to blastocysts (Collas 
and Robl, unpublished). Also, they are easily isolated 
from in vitro matured oocytes. At 22 hr post onset of 
maturation (hpm), a mature oocyte with expanded cu- 
mulus was isolated and a portion of the cumulus was 
separated from the oocyte with a glass needle. The cu- 
mulus was cultured in maturation medium until use. 
At 27 hpm, the cumulus was vigorously pipetted in TL 
Hepes to isolate individual cells. Cells were placed in a 
50 ul drop of TL Hepes and lysed with the injection 
pipette (4 u-m tip) as described. Microinjection was car- 
ried out as described and six replicates were performed. 

Oocyte Activation 

At 30 hpm, manipulated oocytes were incubated for 2 
min in 35-37°C 0.27 M mannitol solution containing 
100 u-M CaCl 2 , 100 |iM MgCl 2 , and 0.01 mg/ml BSA. 
They were then placed in a chamber consisting of two 
electrodes 0.5 mm apart overlaid with 35-37°C manni- 
tol. Oocytes were stimulated with three 0.2 kVcm _1 /20 
pis pulses, each pulse 22 min apart. Oocytes were placed 
in culture between pulses (Collas et al., 1993). 

Embryo Culture and Embryo Transfer 

Culture medium was MBMOC and incubator condi- 
tions were as above. Embryos were cultured for 3 days 
in MBMOC and for 4 days with BRL cells (ATCC, 3TA) 
(Voelkel et al., 1992). Blastocysts were incubated in 
37°C C0 2 -equilibrated TCM 199 with 10% FCS and 
shipped for transfer into recipients. Pregnancy detec- 
tion was done by ultrasonography at 45, 60, and 90 days 
after transfer. 

RESULTS 

The efficiency of nuclear transplantation by microin- 
jection of ICM and granulosa cells is presented in Table 
1. With ICM donor nuclei, 7% (20/304) of cultured em- 
bryos developed to blastocysts. Fifteen blastocysts were 
transferred into recipient cows and resulted in four 
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(27%) pregnancies and two births. With granulosa cell 
donor nuclei, 9% (19/213) of the cultured embryos de- 
veloped to blastocysts. Blastocysts were transferred 
into recipients, but no pregnancy was detected by ultra- 
sonography at day 45. 


DISCUSSION 

This study illustrates the totipotency of ICM nuclei 
and supports the pluripotency of transplanted differen- 
tiated nuclei. Previous limited studies in mammals also 
reported development to term with ICM donor nuclei 
(sheep: Smith and Wilmut, 1989; bovine: Keefer, per- 
sonal communication) and preimplantation develop- 
ment with different somatic cell types. Mouse thymo- 
cyte nuclei promote development to blastocysts (Kono 
et al., 1991), and rabbit NT blastocysts have been pro- 
duced from cumulus granulosa cell and fetal fibroblast 
donor nuclei (Collas and Robl, unpublished). Develop- 
ment to blastocysts with granulosa cell and thymocyte 
donor nuclei suggests that a variety of differentiated 
mammalian cell types may promote early preimplanta- 
tion development of NT embryos. 

Nuclear transplantations have demonstrated the re- 
striction of the developmental capacity of differentiated 
somatic nuclei. Larval stages of development were ob- 
tained by transplantation of various differentiated cells 
of embryonic, larval, and adult frogs (DiBerardino, 
1987). NT adults, however, resulted from the transfer of 
embryonic and larval, but not adult, nuclei. In mam- 
mals, NT adults have been produced from the transfer 
of early embryonic cells only (Robl et al., 1992). There is 
evidence, therefore, for the totipotency of some embry- 
onic and larval nuclei, whereas the developmental po- 
tential of adult nuclei is much more restricted. 

Restricted developmental potential of nuclei from ad- 
vanced larvae and adults indicate that changes have 
occurred in these nuclei that are not easily reversible. 
These changes are believed to be the result of cellular 
differentiation (reviewed by Gurdon, 1986; DiBerar- 
dino, 1987). If these changes are nuclear, they can be 
related primarily to DNA replication and RNA tran- 
scription. Evidence indicates that chromosomal aberra- 
tions caused by incomplete DNA replication may cause 
restricted development in amphibian nuclear trans- 
plants (Gurdon, 1986; DiBerardino, 1987). Incomplete 
DNA replication may be result from asynchrony in the 
length of the cell cycle between donor nuclei and recipi- 
ent oocytes in amphibians (DiBerardino, 1987) and, to 
some extent, in mammals (Collas et al., 1992; Barnes et 
al., 1993). Incomplete DNA replication may also be due 
to changes in transcriptionally active and inactive re- 
gions of DNA and their timing of replication. As cells 
differentiate, many genes become transcriptionally in- 
active. A failure in development of NT embryos may be 
due to their inability to re-activate inactive genes. Evi- 
dence to support this possibility comes from studies by 
Briggs and King (1957), in which nuclei derived from 


specific lineages gave rise to well-developed tissues of 
the same lineage but not other lineages. Whether this 
would also occur in mammalian NT embryos cannot be 
determined to date because of limited embryonic devel- 
opment. Cell differentiation, therefore, is accompanied 
by stable developmental restrictions that to date can- 
not be easily reversed by nuclear transplantation. 
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and differentiate in an embryo in vivo, contributing ( 
somatic tissues or germ cells. ES cells offer the 
potential advantages for the genetic engineering of I 
animals that have been realized in mice, namely 
ability to preselect for a desired genetic modification a 
generate, delete, or directly modify endogenous gen 
traits by using gene targeting protocols. In species i 
which conventional random integration transgenics a 
difficult to make, the availability of the ES cell route < 
.he additional advantage of being able to preselect ( 
desired integration structure or site for a transgenel 
existance of such cell lines would greatly enhance i 
ability to genetically modify farm animals for the [ 
poses of species improvement or protein productioit 

In the context of the whole organism, embryonic a 
cells offer many opportunities because virtually 
genetic change can be introduced into ES cells n \ 
and established as a mouse in vivo. These include I 
mutational analysis of endogenous genes at a gross < 
fine level, the directed expression of a transgene by 1 1 
geting it to the cis elements of an endogenous gene, ; 
the delivery of very large transge*nes such as those c 
structed in the context of YAC vectors. At present; we s 
less restricted by what we can do than by the imp 
understanding of the developmental biology and j 
ogy of what we have done 
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Mitochondrial DNA genotypes in nuclear 
transfer-derived cloned sheep 

Matthew J. Evans 1 , Cagan Gurer 1 , John D. Loike 2 , Ian Wilmut 3 , Angelika E. Schnieke 4 & Eric A. Schon 5 * 6 


Eukaryotic celts contain two distinct genomes. One is located in 
the nucleus (nDNA) and is transmitted in a mendelian fashion, 
whereas the other is located in mitochondria (mtONA) and is 
transmitted by maternal inheritance. Cloning of mammals 1 " 6 
typically has been achieved via nuclear transfer, in which a 
donor somatic cell is fused by electoporation with a recipient 
enucleated oocyte. During this whole-cell etectrofusion, nDNA 
as well as mtDNA ought to be transferred to the oocyte 7 - 8 . 
Thus, the cloned progeny should harbour mtDNAs from both 
the donor and recipient cytoplasms, resulting in heteroplasmy. 
Although the confirmation of nuclear transfer has been estab- 
lished using somatic cell-specific nDNA markers, no similar 
analysis of the mtDNA genotype has been reported. We report 
here the origin of the mtDNA in Dolly, the first animal cloned 
from an established adult somatic cell line, and in nine other 


nuclear transfer-derived sheep generated from fetal cells. The 
mtDNA of each of the ten nuclear-transfer sheep was derived 
exclusively from recipient enudeated oocytes, with no 
detectable contribution from the respective somatic donor 
cells. Thus, although these ten sheep are authentic nudear 
clones, they are in fact genetic chimaeras. containing somatic 
cell-derived nuclear DNA but oocyte-derived mtDNA. 
Several aspects of mitochondrial genetics are relevant to the 
understanding of mitochondrial transmission during nuclear 
transfer. First, there are approximately 100,000 copies of mtDNA 
(a double-stranded DNA circle of -16-17 kb) in a mammalian 
oocyte 9,10 , but only a few thousand copies in a typical mam- 
malian somatic cell 11 . Second, there is no mtDNA replication 
until the blastocyst (~100-cell) stage of embryogenesis 9 ; thus, 
each of the 20 cells of the inner cell mass that ultimately develop 
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sequence of the 544-bp PCR-amplified region. Polymorphisms compared with the published reference sequence" are shown. The 75-bp repeats (plus 13 bp of a 
fifth repeat) are bracketed. The underlined regions indicate the five restriction sites used in the RFLP analyses (restriction sites in bold). Note that a T-»A poly- 
morphism at nt 167, not present in the 7 samples shown here, created an additional Dpnll site in 3 nuclear-transfer sheep samples. 


integrated Program in Cellular, Molecular and Biophysical Studies, and the Departments of 2 Physiology and Cellular Biophysics, ^Neurology and 6 Genetics 
and Development, Columbia University College of Physicians and Surgeons, 630 West 168th Street, New York, New York 10032, USA. 3 Roslin Institute, 
Roshn, Midlothian, EH25 9PS, Scotland 4 PPL Therapeutics and Roslin Institute, Roslin, Edinburgh EH25 9PP, UK. Correspondence should be addressed to 
E.AS. (e-mail: eas3@columbia.edu). 


90 


nature genetics • volume 23 • September 1999 


© 1999 Nature America Inc. • http://genetlcs.nature.com 


letter 


Fig. 2 PCR/RFLP analyses of the 544- 
bp PCR-amplifled D-loop fragments, 
snowing the maps with the predicted 
digestion fragment sizes, in bp, for 
each of the 4 indicated restriction 
endo nucleases. Autorad log rams of 
the respective gets are to the right of 
each set of maps. The first group of 
autorad iograms (nearest the maps) 
shows the RFLP patterns in the four 
representative oocyte donor samples. 
In each of the three other groups of 
autorad iograms. the first lane shows 
the RFLP pattern in the nuclear donor 
(bold), followed by the pattern in the 
nuclear-transfer sheep (NTS) derived 
from that donor; the tissue analysed 
(B. blood; S, skeletal muscle; M1, M2, 
milk (replicates); PI, P2, placenta 
(replicates)) for each sample (num- 
bered) is indicated above each NTS 
lane. The mtDNA genotypes (A-J) are 
indicated at left. Genotypes are 
shown below the oocyte and donor 
lanes; only the genotypes below the 
NTS lanes that were informative for 
the origin of the indicated mtDNA 
genotype are shown (bold). Gel frag- 
ment sizes in bp are indicated (right). 
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into the fetus contains approximately 1,000 copies of mtDNA. 
Third, during normal sexual reproduction, mitochondria (and 
mtDNAs) are maternally transmitted 12 ; paternal mitochondria 
enter the oocyte, but are eliminated rapidly by an unknown 
mechanism during the first few zygotic cell divisions 13 * 14 . Fourth, 
although an individual member of a species normally harbours a 
single mitochondrial genotype (homoplasmy), an animal can 
harbour two mtDNA genotypes (heteroplasmy) if a mutation in 
the germ line of the mother passes into the progeny. Finally, any 
two genetically unrelated homoplasmic individuals differ at 
approximately 0.3% of the nucleotides in their mtDNAs, with 
most mutations located in the highly polymorphic D-loop region 
(which is the control region in mtDNA that is devoid of struc- 
tural genes). 

There are three possible outcomes in animals cloned by 
nuclear transfer via whole-cell electrofusion: homoplasmy of 
donor somatic cell mtDNA; homoplasmy of recipient oocyte 
mtDNA; or heteroplasmy due to mixing of donor and recipient 
mtDNAs. The determination of the mitochondrial character of 
cloned sheep required the analysis of mtDNA from three sources: 
(i) the nuclear donor somatic cells; (ii) the recipient oocyte; and 
(Hi) the nuclear transfer-derived cloned sheep. We used DNA 
sequencing of the D-loop region and PCR/RFLP analysis based 
on polymorphisms found between donor and recipient samples 
to differentiate the mtDNA genotypes (both qualitatively and 
quantitatively) among the three relevant sources. 

We analysed DNA from three donor cell types: OME, an adult 
mammary gland primary epithelial cell culture 5 ; and PDFF2 and 


BLWF1 (ref. 6), fetal fibroblast primary cell cultures derived from 
day-35 and day-25 fetuses, respectively. We also analysed DNA 
from tissues (blood, skeletal muscle, placenta and milk) obtained 
from ten nuclear transfer-derived sheep, including Dolly (we 
confirmed that the nuclear DNA in all the samples matched the 
nuclear DNA isolated from the appropriate somatic donor cells; 
data not shown). Unfortunately, the animal husbandry regime, 
the practicalities of the oocyte collection regime and the use of 
intermediate recipients precluded identification of the Scottish 
Blackface (SB) oocyte donor for any individual nuclear-transfer 
lamb. (During each nuclear-transfer session, oocytes derived 
from eight individual ewes were pooled. Following recovery, the 
donor ewes were sold to a slaughterhouse. No tissue samples were 
retained for specific comparison.) To overcome this problem, we 
analysed the D-loop region (Fig. la) of tissues from four ran- 
domly selected SB sheep as a representative sample. A 544-bp 
segment of the 1.2-kb sheep D-loop 15 from OME, PDFF2 and 
BLWF1 donor cells and from the SB samples was amplified by 
PCR from total genomic DNA and sequenced (Fig. lb). Relative 
to a reference D-loop sequence 15 , we found 40 polymorphisms, 4 
of which generated useful restriction endonuclease recognition 
sites (Fig. \b). 

On RFLP analysis, all somatic donor cell and representative 
oocyte-recipient SB samples displayed the predicted patterns 
(Fig. 2). The same region of the D-loop was amplified from the 
DNA of the ten nuclear transfer-derived sheep. RFLP analysis of 
these amplified products showed that all ten were homoplasmic 
for the mitochondrial genotype of the SB recipient oocyte in all 
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tissues examined, with no evidence for the presence of donor 
mitochondria-derived mtDNAs (Fig. 2). 

An A-»G polymorphism at nt 223 (Fig. lb) destroys an Asel 
site in OME (genotype A; Fig. 2). This Asel site is present in 
OME-derived sample 4 (Dolly; genotype B). Conversely, nuclear 
transfer-derived sheep 5 is genotype A, whereas its nuclear donor 
BLWF1 is genotype B. Similarly, samples 1, 2, 3, 6, 7 and 10 are 
genotype B, whereas their nuclear donor PDFF2 is genotype A. 
The Asel genotypes of nuclear transfer-derived sheep 8 and 9 
were uninformative, as the same genotypes were present in both 
their respective nuclear donors and the SB samples. 

A C-»T polymorphism at nt 288 (Fig. lb) creates an additional 
BsrGl site in the amplified D-loop region of PDFF2 (genotype D; 
Fig. 2). PCR/RFLP analysis of PDFF2 gave the expected restric- 
tion pattern with this enzyme (Fig. 2). All seven nuclear transfer- 
derived sheep derived from PDFF2 (1, 2, 3, 6, 7, 9 and 10; Fig. 2) 
showed no evidence of this polymorphism (all had genotype C). 

A T^C polymorphism at nt 418 (Fig. lb) creates a new Dpnll 
site (genotype E; Fig. 2) in one of four representative oocyte 
recipients (SB-C), but this specific site is not present in the other 
three oocyte recipients or the three nuclear donors (that is, they 
are genotype F). Of the ten nuclear transfer-derived sheep, seven 
were also genotype F, whereas three (sheep 4, 5 and 9) contained 
a different informative polymorphism (T— »A at nt 167, creating a 
Dp/ill site; genotype G) not present in donor or oocyte samples 
(Fig. lb). Each of these three sheep was derived from a different 
nuclear donor (OME, BLWF1 and PDFF2, respectively), but 
none of the donors had genotype G. This indicates that the 
mtDNA genotypes of the nuclear transfer-derived sheep do not 
match those of their nuclear donors (presumably, genotype G is 
present in the SB population, although it was absent in the four 
SB samples analysed here). 

Finally, sequencing of the OME-derived PCR fragment 
revealed a C-»T polymorphism at nt 550 (Fig. lb) that creates a 
new Tsp5091 site (genotype J; Fig. 2). Dolly (Fig. 2, sheep 4) is 
derived from the OME cell line, yet showed no evidence of this 
mtDNA polymorphism (Fig. 2, genotype H). 

We performed 48 RFLP analyses, of which 26 yielded infor- 
mative results (that is, we were able to distinguish the mtDNA 
genotype of the somatic donor cells from that of the representa- 
tive oocyte-recipient sheep breed). All 26 indicated that the 
nuclear transfer-derived sheep were homoplasmic for the 
oocyte recipient mtDNA, and none of the 22 non- informative 
RFLPs contradicted this conclusion. We estimate that the limit 
of detection in our methodology was at least 99.5-99.9%. We 
based this range on quantitations performed using three differ- 
ent methods. 

The finding of mtDNA homoplasmy in all ten nuclear transfer- 
derived sheep was unexpected. Because the nuclear transfer 
method via electrofusion almost certainly introduces donor 
cytoplasm, including mitochondria, into the cytoplasm of the 
recipient SB oocyte 7,8 , one would expect to observe at least some 
contribution of donor-derived mtDNA in the clones (hetero- 
plasmy). To estimate the lower limit of the potential contribution 
of mtDNA from donor cytoplasm, we quantitated the number of 
mtDNAs in OME cells by dot blot analysis (data not shown). We 
estimated that OME cells contain 2,000-5,000 mtDNAs per cell, 
values only slightly lower than those in transformed human 
somatic cells 11 . Although we did not analyse the BLWFl and 
PDFF2 donor cells, we assume they had similar amounts of 
mtDNA. The mtDNA composition of each fetal sheep derived by 
nuclear transfer should reflect that of the original electrofused 
donor/recipient cell — assuming that the inheritance of somatic 
donor mtDNAs is similar to that of maternal germline mtDNAs, 
and that there was homogeneity of cytoplasmic mixing — in 


which case we should have observed 2-5% of donor- derived het- 
eroplasmic mtDNA in the samples. 

Our failure to detect donor mtDNAs in any of the examined tis- 
sues from the nuclear transfer-derived sheep implies that random 
partitioning of mtDNAs (ref. 16) did not occur. This may be due 
to the failure of the donor mitochondria to enter the ooplasm fol- 
lowing electrofusion, to skewed segregation of donor mtDNAs 
during the cloning process or to some unknown effect of main- 
taining donor cells in G 0 for five days before nuclear transfer 5 . We 
favour a scenario in which an active mechanism operates to 
destroy the donor mitochondria in the recipient ooplasm, similar 
to what is thought to happen to sperm-derived mitochondria in 
fertilized ova in both normal human reproduction 12 ' 14 and in 
intraspecific (but not in interspecific 13,17 * 18 ) mouse crosses 13,19 . 

Our conclusion that the nuclear transfer-derived sheep were 
homoplasmic is based on the analysis of specific tissues in each 
animal. We analysed one tissue (either blood or skeletal muscle) 
from each animal, and in two animals we also analysed a second 
tissue type (milk from sample 1 and placenta from sample 4, 
Dolly). One or two tissues, however, may not accurately reflect 
the mtDNA composition of the entire animal. For example, wide 
variations in heteroplasmy were detected in different progeny 
and in different tissues of mice produced from fertilized eggs 
containing exogenous oocyte-derived mitochondria generated 
by pronuclear karyoplast fusions with enucleated zygotes 20,21 or 
injections of heterologous oocyte cytoplasm into recipient 
oocytes 21 " 23 . In addition, heteroplasmic patients harbouring 
pathogenic mutations in human mtDNA (ref. 24) sometimes 
contain significantly different proportions of the mutation in dif- 
ferent tissues, as in mitochondrial encephalomyopathy with lac- 
tic acidosis and stroke-like episodes (MELAS), where the 
proportion of mutated mtDNA in blood is usually lower than 
that in other tissues 25 . In other mitochondrial disorders, how- 
ever, such as myoclonus epilepsy with ragged-red fibers 26 
(MERRF) and maternally inherited Leigh syndrome 27 (MILS), 
the mtDNA mutation is distributed relatively homogeneously in 
all tissues. Of the sheep samples examined, we obtained three (2, 
7 and 10) from skeletal muscle, a long-lived post- mitotic tissue 
which might be more likely to exhibit heteroplasmy, if present in 
the animal 24 . Our conclusions, however, are tempered by the fact 
that we were unable to obtain samples of other sheep tissues, 
such as brain and heart, that are frequently affected in human 
mitochondrial diseases 24 . Although we cannot eliminate the pos- 
sibility that there is heteroplasmy in other unexamined tissues of 
the cloned animals, the uniformity of the results from multiple 
sample sources supports the conclusion that the clones were 
homoplasmic for oocyte-derived mtDNA. 

These results have implications for future attempts to correct 
maternally inherited mitochondrial genetic disorders by, for 
example, nuclear transfer involving a somatic or germline cell 
from a woman harbouring a pathogenic mtDNA mutation (but 
normal nuclear DNA) and a recipient enucleated oocyte 28,29 
(containing normal cytoplasm). If the experience with cloned 
sheep is any guide, we would predict that the human mitochon- 
drial genotype will be determined by the recipient ooplasm. 

Methods 

Sheep samples. We isolated total DNA from three somatic nuclear donors 
(OME cultured mammary gland cells derived from a Finn Dorset sheep 5 ; 
BLWFl fibroblast cells derived from a day-25 Black Welsh Mountain fetus 6 ; 
and PDFF2 fibroblast cells derived from a day-35 Poll Dorset fetus 6 ); four 
representative Scottish Blackface sheep (SB-A, -B, -C and -D); and ten 
nuclear transfer-derived sheep 5,6 . Nuclear transfer sheep 1, 2, 3, 6, 7, 9 and 
10 were from PDFF2; 5 and 8 were from BLWFl; and 4 (Dolly) was from 
OME. We isolated DNA samples from blood (sheep 1, 3, 4, 5, 6, 8 and 9), 
tongue muscle (2, 7 and 10), milk ( 1) and placenta (4). 
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D-foop analyses. We amplified a 544- bp region of the sheep D-loop 15 with 
forward primer 96F {nt 96—113; ref. 15) and reverse primer 639B (nt 
639-621) with Taq DNA polymerase (Perkin Elmer). Conditions were 94 
°C for 30 s, 66 °C for 30 s and 72 °C for 30 s, for 30 cycles, followed by 7 min 
at 72 °C, performed on a model 9700 thermocyder (Perkin Elmer). We 
sequenced the PCR products using the fmol system (Promega). We per- 
formed multiple amplifications from the original samples to minimize the 
possibility of identifying PCR-induced mutations; none were detected. 

RFLP analyses. We amplified samples by PCR in the presence of (a- 
32 P]dCTP, digested them with appropriate enzymes and elec trophoresed 
the digested products through 8% non-denaturing polyacrylamide gels. 
After drying the gels, we visualized and quantitated the labelled frag- 
ments in a phosphorimager (BioRad Model GS363) or on X-ray film. We 
estimated the limit of detection for potential heteroplasmy using three 
different methods: (i) RFLP analysis of PCR-amplified mixtures of two 
known genotypes was able to distinguish heteroplasmy to a dilution of 
1:200 (that is, detection limit of at least 99.5%); (ii) RFLP analysis of PCR 
fragments (amplified from skeletal muscle DNA isolated from clone sam- 
ple 2 (PDFF2)) subcloned into pCR2.1 (Invitrogen) showed only a single 
genotype in 190 randomly picked clones (that is, detection limit of at 
least 99.5%); and (iii) phosphorimager quantitation of the ratio of the 
signal derived from an authentic RFLP fragment to that of the signal 
located in the region of the gel in which a predicted heteroplasmic frag- 
ment should appear was -1,000:1 (that is, detection limit of 99.9%), and 
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was confirmed by measuring the signals from known serial dilutions of 
two labelled DNA samples. 

Quantitation of mtDNA in somatic cells. We used serial dilutions of the 
PCR-amplified sheep D-loop region as standards in dot blot analyses of 
serial dilutions of OME-derived total DNA isolated from a known number 
of OME cells. We probed the blots with the sheep D-loop region, labelled 
by random priming and quantitated the dot intensities as above. The D- 
loop probe detected only authentic mtDNA, as confirmed by the detection 
of a single 16.5-kb hybridizing band in Southern -blot analysis of in- 
digested sheep total DNA (data not shown). 

Microsatellite analysis. We used ovine nuclear microsatellite marker pairs 
(5' and 3') MAF33, FCB304, FCB1 1 and MAF209 to establish the nuclear 
genotype of the various samples, as described 30 . 
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